A need exists for whole animal toxicity, mutagenesis, and carcinogenesis models that are alternative to the traditional rodent test models and that are economical, sensitive, and scientifically acceptable. Among small fish models, the Japanese medaka (Oryzias latipes) is preeminent for investigating effects of carcinogenic and/or toxic waterborne hazards to humans. The guppy (Poecilia reticulata), although less widely used, is valuable as a comparison species. Both species are easy to maintain and handle in the laboratory and there is a large body of background information on their responsiveness to a range of classes of carcinogens. There are considerable data on the occurrence of background diseases and on spontaneous neoplastic lesions, both of which occur relatively rarely. With few modifications, the medaka and guppy are amenable to carcinogenicity testing under the rigid standards established by the National Toxicology Program (NTP) for rodent tests. The advantages of the small fish in carcinogenesis studies are best realized in long-term studies that involve environmentally realistic exposures. Studies to identify chronic effects can be conducted in about 12 months, near the life span of medaka in our laboratory. Practically, 9-month studies are optimal but shorter study cycles and a variety of exposure/growout and initiation/promotion scenarios are available. Studies on 3 compounds tested in medaka under NTP protocols are under review and preliminary analysis indicates that chronic carcinogenicity bioassays with medaka, guppy, and potentially with other small fish species are feasible and scientifically valid.
INTRODUCTION
The National Toxicology Program (NTP) coordinates toxicological testing programs within the Department of Health and Human Services. The NTP improves, develops and validates testing methods employing tools of modern toxicology and molecular biology to evaluate agents of public health concern. One area of test improvement involves new test models that are alternative to the whole animal (rodent) models that have traditionally been used. One such alternative model was small aquarium fishes that have been used for carcinogenesis research for several decades (8) . Fish models in toxicological and carcinogenesis research are compelling for many reasons (10) (11) (12) . Fishes are the largest, oldest, and most diverse group of vertebrates. They represent more than 30,000 species. Many species are suitable for conducting aquatic toxicological investigations, carcinogenicity testing, and biomedical research. Fishes are particularly useful for genetic studies because of their short life cycles and diverse breeding strategies. The zebrafish, for example, is the best understood fish species in terms of gene structure and function, making it a strong model for elucidation mechanisms of carcinogenesis (10, Spitsbergen, this volume). Because of the morphologic and physiologic diversity of fishes, the species model choice depends on the experimental question being asked. Each model species has attributes and disadvantages. Several other whole fish carcinogenesis models are available including the well-developed rainbow trout model (Williams, this volume), the platyfish/swordtail hybrid model (13) , medaka and guppies (7) .
In this presentation, we review some factors involved in using fish, in this case medaka and guppies, in carcinogenesis tests. To illustrate how fish are adapted to regulatory-based carcinogenesis testing, we employ experiences our laboratory has had in conducting a study entitled "Conduct of Studies to Evaluate the Feasibility of Using Two Species of Small Fish To Evaluate the Toxic and Carcinogenic Potential of Selected Chemicals." NTP studies are built around highly detailed "Study Specifications" that historically were established for rodent tests and were adapted for fish tests in this study. In this report, we concentrate on the advantages of those species in carcinogenesis tests and compare the principal components of the fish tests with those of the rodent tests.
STUDY SPECIFICATIONS
Specifications of NTP studies relate to test facilities, worker health and safety, analytical chemistry of the test compound, animal care and maintenance, histopathology, quality assurance and general study protocols. As the fish studies were developmental and exploratory in nature, they were conducted in the spirit of Good Laboratory Practices, allowing for greater versatility in design while maintaining a level of data management necessary for good study accountability. 88 0192-6233/03$3.00+$0.00 With regard to test facilities, the studies were conducted in a system employing several layers of isolation and containment designed to control study conditions, control and contain contaminated wastes and provide worker safety (9) . Isolation began with aquaria housed in an exposure chamber that constituted the next layer ( Figure 1 ). Fish were exposed in those aquaria within the exposure chamber that accommodated duplicate aquaria for 4 test groups for 2 species. The exposure chamber was situated in an isolation laboratory that included all systems for providing test stock solutions, mixing chambers, and mechanisms for distributing test compounds to the exposure chambers. The isolation laboratory was under 1-pass negative air pressure. Water was provided to the isolation laboratory from an onsite well. Well water was aerated, particle-filtered, carbon-filtered, then subjected to UV sterilization, a second level of particle filtration, and carbon filtration before it entered a water partitioner then passed into the exposure chamber area. Wastewater was channeled outside the isolation laboratory, decontaminated, then passed into the public wastewater system under local permit. When working in the isolation rooms, researchers wore full face respirators with organic vapor filters, disposable lab coats, and 2 types of gloves (nitrile and latex). In air samples taken and analyzed by a contract laboratory, detectable levels of test chemicals occurred only in the air space above the water in the aquarium and beneath the aquarium lids. Comprehensive health and safety plans specific for the studies were developed and approved by the agency.
The fish used in these studies were the Japanese medaka (Oryzias latipes) and the guppy (Poecilia reticulata). The medaka, an egg layer, has widespread use as a laboratory fish model and has been shown to be sensitive to many tested carcinogens (6, 7) . It has a very low natural occurrence of cancer, is economical to breed and maintain and because of its ease of culture and daily spawning behavior, tests can incorporate large numbers of specimens for added statistical power. The guppy is a live-bearer, is long-lived and has a low rate of spontaneous tumors, lower than the medaka, and generally appears to be less carcinogen-sensitive than does the medaka (6) . However, it is unique among fishes as it is subject to pancreatic neoplasia following exposure to methylazoxymethanol acetate and might serve as a model for studying exocrine pancreatic carcinogenesis (3, 4) . With the use of fish models in carcinogenesis studies in general, and the medaka and guppy models in particular, there is yet a large volume of knowledge to be gained before these models will be efficiently utilized. For example, additional information must be obtained on population genetics of the cultures, precise dietary requirements, and diagnosis and control of infectious diseases. To fill some of these gaps, life-span studies as well as spontaneous tumor burdens at time intervals relevant to carcinogenesis testing, were conducted on medaka and guppy as part of this project. Those studies provided useful information regarding the onset of spontaneous neoplasia in susceptible tissues. Furthermore, it is critical that biochemical and molecular mechanisms of carcinogenesis be explored to evaluate test results in the fish with those in mammals. The vast knowledge of the genetic control of development being acquired for zebrafish (see Spitsbergen, this volume) will facilitate studies for other fish species.
STUDY APPROACH
The NTP study was built around a "Statement of Work" that included life-span studies to determine tumor burdens in medaka and guppy and carcinogenicity tests on 2,2-bis(bromomethyl)-1,3-propanediol (BMP), nitromethane (NM), and 1,2,3-tricholoropropane (TCP), all of which have potential for human exposure and have been tested by the NTP in rodent studies. BMP is used as a fire retardant in unsaturated polyester resins, in molded products 90 HAWKINS ET AL TOXICOLOGIC PATHOLOGY and in rigid polyurethane foam. In 2-year feeding studies with rats and mice, BMP was shown to be a multisite carcinogen. NM is used as a racing fuel and industrial solvent and is an intermediate in the synthesis of agricultural fumigants and biocides. In 2-year inhalation studies, NM caused mammary gland tumors in female rats and tumors at several sites in male and female mice. TCP is used as a paint and varnish remover, solvent, and degreasing agent. It might be a groundwater contaminant as an impurity in some nematocides and soil fumigants. TCP was a multisite carcinogen in rats and mice. Life-span control studies with medaka and guppy employed standard diet, temperature, and flow-through water conditions with routine water quality conditions assessed periodically. The study was conducted in 4 replicate aquaria, 70 fish in each, with sampling at 3-month intervals beginning at 6 months and continuing to 30 months. Full histopathological examination was conducted on all sample specimens and included the evaluation of 30 tissues in specimens that were sectioned whole (see Wolf and Wolfe, this volume). Medaka began to show relatively high mortalities at around 15 months, which affected the sample times of the carcinogenesis tests with medaka making them shorter than originally planned. Data from the medaka life-span study are still being analyzed but it is safe to say at this point that by 1 year there were only 2 neoplasms identified: a seminoma and a lymphosarcoma. In general, this study confirmed that the medaka has an exceedingly low prevalence of neoplasia through the period of time during which a carcinogenesis test would be conducted.
In the guppy life-span control study, it was longer lived than the medaka with significant mortalities occurring after 30 months of the study. Older guppies, however, become too large to process and section whole for histopatholgical analyses. Also, they are highly susceptible to visceral granulomatosis. The earliest neoplasm was a single hepatocellular adenoma at 21 months. Neoplasia was rare throughout the study up to 30 months with most of the small number of neoplasms in the liver. Unexpected lesions that occurred in guppies included hyperplasias and adenomas of the pituitary gland.
Carcinogenicity studies were conducted in 2 phases. The first phase included preliminary chemistry studies that consisted of bulk chemical analysis, toxicant generation, and monitoring of the test compound in the exposure aquaria. Seven-day studies were conducted to determine the stability and homogeneity of the test compound in the exposure aquaria. Health and safety protocols were developed along with study SOPs that included effluent monitoring. The second phase consisted of static and range-finding studies. A 48-hour static study was conducted that included 6 dose levels. These findings were used to set the dose levels for the 28-day, flow-through range-finding study conducted under the same general conditions as the chronic exposures. From those data, the definitive experimental design for the chronic studies was established ( Figure 2 ). Carcinogenicity tests with both medaka and guppy began with 14-16-day posthatch fish that were exposed continuously for 9 months.
Chronic studies with both species incorporated control and low-, medium-, and high-dose groups with each group having duplicate aquaria and beginning with 170 medaka (Figure 3 ) or 110 guppies in each aquarium. At 9 months, a sample of 10 fish per aquarium was taken for histopathological analysis. For the guppy tests, two thirds of the fish from each test group remained in the exposure system to continue for a total of 16 months and one third of the fish were transferred into water free of test compound for a recovery growout for a terminal sampling at 16 months. The medaka study paralleled that for the guppy up to 9 months. However, due to mortalities that were both predicted from the life-span study and occurred during the experimental chronic study, the medaka study was terminated at 13 months rather than 16 months as for the guppy. Several processes were employed during these studies to avoid experimental bias that related to specimen selection. This generally had to do with procedures for random addition of fish at critical points during the treatment. For example, fish were randomly assigned to their experimental group at the initiation of the exposure and they were randomly assigned to experimental recovery containers when they were redistributed at the 9-month period. Finally at termination of the studies fish were randomly selected for histopathological analysis.
The 3 chemicals studied behaved differently in the test systems. Nitromethane was a very difficult compound to deal with in chronic aquatic studies. Breakdown products of the nitromethane essentially served as nutrients for resident microbial flora that flourished, creating fouling that was difficult to control in the test aquaria. To maintain acceptable water quality, aquaria had to be frequently scrubbed to brush away the fouling mat. The process induced unwanted stress on the fish that was expressed in significant mortalities in treatment aquaria as well as high incidences of granulomatous inflammation in specimens that lived to sacrifice. Nevertheless, target concentrations of nitromethane and each of the other test compounds were adequately maintained in the exposure concentrations in the test aquaria.
During the course of the studies there were several failures of the compound delivery systems, most often power failures and instrument fatigue, but in those cases compound delivery ceased as the test systems were designed to underexpose rather than overexpose. Otherwise, concentrations in the test aquaria were stable. For example, for the chronic exposure of TCP that included the entire 16 months with guppies, where chemical analyses were conducted biweekly shows a rather consistent targeted exposure concentration that never overlapped during the course of the study but remained constant at nominal 4.5, 9, and 20 ppm (Figure 4 ). Test results are still being evaluated but preliminary analyses indicate that TCP was carcinogenic to medaka at every exposure concentration and was also to guppies and BMP was moderately carcinogenic in both fish species, with effects almost exclusively limited to the liver or gall bladder. Nitromethane appeared minimally carcinogenic in all exposure treatments but, as discussed earlier, that study was compromised by bacterial fouling in the test systems.
CONCLUDING REMARKS
Carcinogenesis testing under specifications of the NTP using small fish models such as the Japanese medaka and guppy is feasible and desirable. Studies can be conducted under Good Laboratory Practices that parallel those used for rodent tests. Researchers and agencies should give attention to establishing test conditions that most effectively utilize the advantages of the small fish while meeting regulatory test requirements. For example, exposure periods, dosing regimes and pathology protocols should be continually evaluated so that the economic advantage as well as the carcinogen-detection sensitivity for small fish models is maintained. It appears that compounds that are carcinogenic in small fish species usu-ally express their effects in the liver or gall bladder and that was the case in these studies. However, experimental studies with a wide range of compounds indicate several other organ systems are susceptible to carcinogen-induced neoplasia (2) . As with rodent tests, every compound is not amenable to the same type of testing approach. Small fish models are probably best utilized with compounds that are delivered in the ambient water medium at environmentally relevant concentrations for a significant portion of the life span of the fish. The ambient exposure route approximates chronic inhalation tests in rodents. Compounds that are exceptionally expensive to purchase, difficult to detoxify or dispose of the treated waste, or are poorly soluble in water are probably not best suited for chronic testing. However, other approaches including the development of transgenic medaka (15) , initiation/promotion protocols (1, 5) and egg microinjection techniques (Winn, personal communication) are being developed. The advantages of using the small fish models in regulatory-based carcinogenesis testing are substantial and justify investment in their ongoing development.
